Summary. Adhesion of Staphylococcus epidermidis NCTC 11047 to the external surface of polyurethane catheters was quantified by a radiolabelling assay. Maximum adhesion was achieved with an initial cell concentration of 3 x 108/ml after incubation for 120 min. The assay was tested for reproducibility by analysis of variance. Adhesion of clinical strains of S. epidermidis and S. aureus to uncoated polyurethane and hydrogel (Hydromer@)-coated polyurethane catheters was compared. Hydrogel coating significantly reduced adhesion for both S. epidermidis and S. aureus (mean percentage reduction 71 % for S. epidermidis, 69 % for S. aureus). Clinical isolates were also tested for adhesion to polystyrene by a modified microtitration well adhesion assay; there was no correlation between staphylococcal adhesion to polyurethane catheters and adhesion to polystyrene. Cell surface hydrophobicity values varied widely for both species. Positive correlations were found between cell surface hydrophobicity and adhesion to polystyrene and uncoated polyurethane catheters for S . epidermidis but not for S . aureus.
Introduction
Nosocomial infections associated with intravascular catheters are increasing in parallel with the increased use of catheters in clinical practice. Between 1989 and 199 1, line-associated bacteraemias increased by 39 O/ O in the UK.l The major causative organisms are the coagulase-negative staphylococci (CNS)2-4 and Staphylococcus aureus, the latter being associated with more serious infection^.^ Catheters are manufactured from many different materials, and bacterial attachment to these has been quantified in a number of studies. Lopez-Lopez et aL6 studied the attachment of single strains of S. aureus and S. epidermidis to polyvinylchloride, Teflon@, siliconised latex, polyurethane and Vialon@ catheters ; polyurethane catheters supported the lowest level of adhesion. Pascual et aL7 quantified the attachment of 11 strains of CNS to Teflon@ catheters; no other catheter materials were studied. Most hospitals now use polyurethane central venous catheters, some coated with a hydrophilic hydrogel (HydrocathB). Hydrogel was developed primarily for its haemocompatibility, which reduces the incidence of device-related thrombophlebitis. The hydrogel absorbs water immediately it comes into contact with blood. With the use of an ATP bioluminescence assay and viable counts, Kristinsson ' was unable to demonstrate a statistically significant reduction in the adhesion of S. epidermidis and S. aureus strains to Hydromer@-coated, polyurethane catheters, when compared to uncoated cat he ter s .
Adhesion assays with radiolabelled bacteria6y ' 9 9 3 lo have the potential to quantify bacterial adhesion to biomaterials accurately, but reported methods have several limitations that impede accuracy and reproducibility ; in particular, the limited number of replicates and the lack of relevant controls (see Discussion).
The hydrophobic properties of the bacterial cell surface play a significant role in the adhesion of bacteria to various substrata. For example, positive correlations have been found between bacterial hydrophobicity and adhesion to solid substrata in dental research,ll marine foulinglZ and the adhesion of freshwater bacteria.13 However, studies comparing the cell surface hydrophobicity of CNS and the adhesion to catheters have provided contradictory result^,^^ l4 and the role of hydrophobicity in adhesion to biomaterials remains unclear.
This paper describes an improved quantitative adhesion assay based on tritiated-methyl-thymidine-labelled cells. The assay was used to study the effect of hydrogel coating on the adhesion of S. epidernzidis and S. uurc'us to polyurethane catheters. The relationship between hydrophobicity and adhesion to polyurethane and polystyrene was also investigated. Sterile hydrogel-coated (C) and uncoated (U) polyurethane catheters (Ohmeda, Swindon) were cut into 1-cm lengths Rith a fixed measurement cutting block. "Catheter assemblies" were constructed ; these consisted of eight pieces of catheter held firmly together at the ends by two plastic holders. with projections fitting exactly the lumen of each catheter piece. For simultaneous comparison of bacterial adhesion to the two different catheter types. two catheter assemblies were used. each holding four pieces of U and four pieces of C catheter. but arranged in different ways, alternating the positions of C and U catheters to minimise any effect of the positioning of the catheter on bacterial adhesion. Catheter pieces were drawn randomly from a large pool of pieces, to eliminate any differences that may have existed between the original whole catheters.
Materials and methods

B u r r r i d struitis
Catheter assemblies were submerged in 4 mi of washed, radiolabelled cells, at various concentrations, in acid-washed glass universal bottles and incubated for ~arious times. Bottles were agitated on a haenioplate shaker (Titertek, Flow Laboratories, Germany). Each assembly was then removed, washed three times in separate containers of distilled water and dismantled. Individual pieces were placed in scintillation vials containing 3.5 ml of scintillation fluid (Ecoscint A ; Mensura Technology Ltd, Wigan) and read in a scintillation counter (2000 CA Tri Carb Packard; United Technologies, Berks).
The percentage adhesion per catheter piece was calculated from the equation :
x 100 radioactivity/catheter piece initial radioactivity/ml Adhesion (%) = An estimate of the number of cells bound to each catheter piece was calculated from the equation:
Bound cells/catheter piece = initial cells/ml initial radioactivity/ml x radioactivity /ca t heter piece
Optimum parameters for adhesion of S . epiderrnidis NCTC 11047
To study the effect of bacterial concentration on adhesion, washed radiolabelled S . epidermidis NCTC 11047 cells were resuspended to a final OD,,, of 0.5 (5 x 10' cells/ml). A series of two-fold dilutions was made in Tris buffer, to give a range of bacterial concentrations (10i-5 x 10' cells/ml), which were confirmed by visual counts with a Helber chamber. Adhesion assays were performed, as described above, with an incubation period of 2 h.
To study the effect of incubation time on adhesion, washed, radiolabelled S. epidermidis NCTC 1 1047 cells were resuspended in Tris buffer to OD,,, 0-393 (c. 3 x lo* cells/ml), and an acid-washed glass evaporating dish was used as the incubation vessel. Adhesion assays were performed as described, except that catheter assemblies were removed at various time intervals.
Stat is tical analysis
The reproducibility of the assay method was tested by comparing the adhesion of the same batch of radiolabelled S . epidermidis NCTC 11047 cells to U catheters in five separate bottles. Batch-to-batch variation was analysed by comparing adhesion to U and C catheters (incubated in the same bottle) with different batches of radiolabelled cells.
Results were analysed with a nested model of analysis of variance (see Results).
Microtitration plate assay
Adhesion of S. epidermidis and S. aureus strains to polystyrene microtitration wells was quantified in a modification of the method developed by Christensen et a1.l' Cultures were grown overnight (20 h) in TSB. inverted, to remove excess. Remaining attached cells were fixed with Bouin's fixative (75 ml of saturated aqueous picric acid; 25 ml of formaldehyde 40 YO ; 5 ml of acetic acid 99 %). Plates were stood for 30 min, washed with Tris buffer and then stained with crystal violet 0.5 % w/v, 100 pl/well. Plates were stood for a further 30 min and then washed with tap water. The optical density of wells was determined with an ELISA plate reader (MR 7000 Dynatech) at a wavelength of 570 nm. A row of eight wells, incubated with sterile broth only, was used as a control.
were vortex mixed for 1 min and then left to stand for 1 h, to allow for partitioning of the hexadecane and buffer. The lower aqueous phase was used to determine the OD440 of each sample, with buffer as a blank. The percentage affinity of the bacteria for the hexadecane was then calculated :
OD4,Oi where OD4,,i represents the OD of the initial suspension and OD44,P represents the OD of the parti tioned suspension.
Hexadecane partition assay
Results
This assay was performed according to the method of Rosenberg et a/. 16 Overnight cultures of each test strain were washed three times in Tris buffer and then
Reproducibility of adhesion assay resuspended to OD,,, 0.5. Cell suspensions were distributed, in 3-ml volumes, into five test tubes and 200 pl of hexadecane were layered on to each. Tubes
The mean counts/catheter piece in each bottle were compared by analysis of variance. When U catheters alone were incubated with the radiolabelled cells, some statistical differences in adhesion values between the five bottles were noted. To eliminate this difference, C
Optimum parameters for the radiolabelling adhesion assaj~ and LJ catheters had to be compared within the same bottle ("within bottle design"). This experimental design dictated a hierarchical analysis of the data. to eliminate any statistical differences between batches and bottles; this was performed with GLIM (Generalised Linear Modelling).
With this experimental design, the reproducibility of the adhesion values obtained from two separate batches of radiolabelled cells of S. epidermidis NCTC 1 1047 was tested (batch-to-batch variation). in some cases there was a statistically significant difference between adhesion values, obtained from different batches of cells. These differences were taken into account in the statistical analysis of the data for the full study.
Catheter pieces were incubated in cultures of S. epidemzidis NCTC 11047, lo7-5 x 10' cells/ml and incubated with the catheter pieces for 2 h. The numbers of cells attached to the U and C catheters were calculated and plotted against initial cell concentrations in a binding isotherm ( fig. 1) .
Approximately four times as many cells bound to U catheters compared to C catheters. The number of adherent cells increased in parallel with the initial cell concentration up to a concentration of 3 x lo8 cells/ml. Further increases in cell concentration had only a marginal effect on bacterial adhesion. A cell concentration of 3 x 10' cells/ml was used in subsequent experiments.
Bacterial adhesion to U catheters was maximal at 2 h; further incubation resulted in a small decrease in 
Adhesion of clinical isolates of S. epidermidis and S. aureus
Adhesion of S. epidermidis and S. aureus strains to C and U catheters was compared ( figs. 3 and 4 ). Each strain was tested in two separate experiments; on each occasion two catheter assemblies were tested (eight C/eight U catheters). For some strains, adhesion to catheters was significantly different when results for the two experiments were compared (S. epidermidis strains 3,2, 19,5,9 and 15, and S. aureus strains SA10, SA14, SA20).
Both S. epidermidis and S. aureus strains adhered poorly to C catheters (mean adhesion value 0.055% for S. epidermidis, 0.127% for S. aureus). For U catheters, S. aureus strains (mean adhesion value 0.477%) were more adherent than S. epidermidis strains, (mean adhesion value 0.188 YO). When adhesion to C and U catheters was compared for all strains of each species, the hydrogel coating reduced the mean adhesion of S. aureus strains by 69 YO and S. epidermidis strains by 71 YO. Taken individually, all staphylococcal strains tested were more adherent to U catheters although the difference was not statistically significant for some strains (S. aureus SA8, SA9, SA15; S. epidermidis 6, 18); figs. 3 and 4 give the unadjusted data (unadjusted for batch and bottle variation) for C and U catheter pieces and, therefore, do not always reflect exactly the results of the statistical analysis.
Adhesion of staphylococci to polystyrene microtitration wells
Adhesion of staphylococci to polystyrene was assessed by OD readings, following crystal violet staining (tables I and 11). Strains are listed in order of decreasing adhesion to U polyurethane catheters (data from figs. 3 and 4) . S. epidermidis strains gave OD,,, values of 0.077-0.176 (table I) and S. aureus strains gave values of 0.097-0.201 (table 11) . There was no significant correlation between adhesion to polyurethane and adhesion to polystyrene (r = 0-463 for S. epidermidis strains; r = 0.153 for S. aureus strains). , table 11 ). There was a strong correlation (r = 0.913, p < 0.01) between hydrophobicity and adhesion to polystyrene and a weak correlation (r = 0.714, p < 0.05) between hydrophobicity and polyurethane catheter adhesion for S. epidermidis strains. There was no correlation between the same parameters for the S . aureus strains.
Discussion
A quantitative, radiolabelling adhesion assay showed that hydrogel coating on polyurethane catheters significantly reduced the adhesion of most S. epidermidis and S. aureus strains tested. The radiolabelling assay reported has advantages over previously published assays." 7 y lo Blocking the end of the catheter pieces prevented entrapment of unattached bacteria. Taking scintillation counts from eight separate pieces of catheter in each experiment increased the reliability of statistical analysis ; numbers of replicates have been low in previous reports. The catheter assembly design separated catheter pieces, allowing the cell suspension to circulate freely for maximum interaction of cells with the catheter surface. However, the main advantage of this assay was the inclusion of uncoated and coated catheter pieces in the same bottle, so that the two materials were compared in an identical environment. Adoption of a standardised assay, such as the one proposed in this study, makes it possible to quantify adhesion to any new catheter material.
Adhesion of S. epidermidis NCTC 11047 to uncoated polyurethane reached a maximum after incubation for 2 h. This contrasts with previous studies; S. epidermidis HUS41 showed maximum adhesion to uncoated polyurethane catheters after 24 h,' whilst adhesion of both hydrophilic and hydrophobic strains of S. epidermidis to Teflon@ catheters was still increasing after 18 h.7 The reasons for these differences in adhesion kinetics are unclear, but may reflect a combination of factors, such as differing assay conditions, differences between surface properties of strains and variable physicochemical properties of the catheter material. For example, in the present study, adhesion kinetics of S. epidermidis NCTC 11047 to hydrogel-coated and uncoated polyurethane, differed markedly ( fig. 2) . Denyer et aZ. 17 have shown that changes in the surface hydrophobicity of biomaterials can alter bacterial attachment significantly.
Attachment of S . epidermidis and S. aureus to plastic surfaces is mediated by non-specific adhesion processes, governed by the physicochemical properties of both the bacteria and the underlying substrata." The role of cell surface hydrophobicity as a non-specific binding factor in bacterial adhesion is generally acceptedlg and a positive correlation between bacterial hydrophobicity and adhesion to solid substrata has been found.20 However, the involvement of hydrophobicity in CNS adhesion to plastics is controversial. Some authors claim that there is no correlation between S. epidermidis cell surface hydrophobicity and adhesion to polymer materials,8i 21i 22 whereas another has found a positive correlation between the two parameters, indicating that hydrophobicity plays a powerful role in the adhesion of CNS to plastic^.^ The cell surface hydrophobicity of S. epidermidis strains correlated with adhesion to polystyrene and to a lesser extent, polyurethane catheters. The adhesion assays and hexadecane assay were performed in the same buffer and the two adhesion assays were performed under identical conditions, enabling valid comparisons to be made.
In contrast, there was no correlation between cell surface hydrophobicity and adhesion to either polymer for S. aureus strains. The reasons for this difference are unclear. Both S. epidermidis and S. aureus strains showed a wide range of values for affinity to hexadecane, so the test was able to discriminate between strains of both species. Other factors such as surface charge, presence of capsular material or growth phase may be more significant than hydrophobicity in the adhesion of S. aureus to plastics. The hydrophobicity of S. aureus strains is known to depend on the growth and growth phase,16 factors that were not considered in this study.
The presence of the hydrophilic hydrogel reduced the adhesion of all strains, although this reduction was not statistically significant for a minority of strains of each species (e.g., S. aureus SA8 and SA9). Significant differences in adhesion between batches were often observed, but the reasons for this are unclear. Within each species, strain-to-strain variation in adhesion to hydrogel-coated catheters was less prominent than for uncoated catheters. The mean adhesion of S. aureus strains to coated catheters was twice that observed for S. epidermidis. Hydrogel solubilises only slowly (14 % loss over 28 days in buffer at 37°C; M. Derrick, personal communication). Any small amounts of hydrogel solubilised and then adsorbed to uncoated pieces of polyurethane over the 2-h assay period would be unlikely to alter the statistically significant difference between adhesion to the two catheter types tested.
The hydrogel coating is very hydrophilic, indicating a high surface energy. Negatively charged, hydrophilic surfaces discourage bacterial adhesion12 and hydrogel is likely to prevent adhesion by electrostatic repulsion. This study presents further evidence that hydrogel reduces bacterial adhesion significantly. Our observations are supported by Denyer et aZ.17 and Kristinsson,' who used different assays and smaller numbers of strains. Kristinsson' also observed bacteria on the surface of uncoated polyurethane catheters by scanning electronmicroscopy. In contrast, few bacteria were seen on hydrogel-coated catheters.
The cell surface hydrophobicity of S. epidermidis and S. aureus did not correlate with adhesion to the hydrogel, indicating that attachment to a high energy, hydrophilic surface is not governed solely by the hydrophobic nature of the bacterial surface and other factors are probably involved.
